A Chloroplast Retrograde Signal Regulates Nuclear Alternative Splicing
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Light is a source of energy and also a regulator of plant physiological adaptations. We show here that light/dark conditions affect alternative splicing of a subset of Arabidopsis genes preferentially encoding proteins involved in RNA processing. The effect requires functional chloroplasts and is also observed in roots when the communication with the photosynthetic tissues is not interrupted, suggesting that a signaling molecule travels through the plant. Using photosynthetic electron transfer inhibitors with different mechanisms of action, we deduce that the reduced pool of plastoquinones initiates a chloroplast retrograde signaling that regulates nuclear alternative splicing and is necessary for proper plant responses to varying light conditions.
L ight regulates about 20% of the transcriptome in Arabidopsis thaliana and rice (1, 2) . Alternative splicing has been shown to modulate gene expression during plant development and in response to environmental cues (3). We observed that the alternative splicing of At-RS31 (Fig. 1A) , encoding a Ser-Arg-rich splicing factor (4), changed in different light regimes, which led us to investigate how light regulates alternative splicing in plants.
Seedlings were grown for a week in constant white light to minimize interference from the circadian clock and then transferred to light or dark conditions for different times (see the supplementary materials). We observed a two-and fourfold increase in the splicing index (SI)-defined as the abundance of the longest splicing isoform relative to the levels of all possible isoforms-of At-RS31 [mRNA3/(mRNA1 + mRNA2 + mRNA3)] after 24 and 48 hours in the dark, respectively (Fig. 1B) . This effect was rapidly reversed when seedlings were placed back in light, with total recovery of the original SI in about 3 hours (Fig.   1C ), indicating that the kinetics of the splicing response is slower from light to dark than from dark to light.
The light effect is gene specific ( fig. S1 ) and is also observed in diurnal cycles under short-day conditions ( Fig. 1D and fig. S2 ). Furthermore, three circadian clock mutants behaved like the wild type (WT) in the response of At-RS31 alternative splicing to light/dark ( fig. S3 ). Changes in At-RS31 splicing are proportional to light intensity both under constant light and in short-daygrown seedlings ( fig. S4 ).
Both red (660 nm) and blue (470 nm) lights produced similar results as white light (Fig. 1E) . Moreover, At-RS31 alternative splicing responses to light/dark are not affected in phytochrome and cryptochrome signaling mutants (5, 6) , ruling out photosensory pathways in this light regulation (Fig. 1F and figs. S5 and S6) .
Light-triggered changes in At-RS31 mRNA patterns are not due to differential mRNA degradation. First, the light effect is not observed in the presence of the transcription inhibitor actinomycin D (Fig. 1G) . Second, the effects are still observed in upf mutants, defective in the nonsense-mediated mRNA decay (NMD) pathway (7) (Fig. 1H and  fig. S7 ). Third, overexpression of the constitutive splicing factor U2AF 65 (8) in Arabidopsis protoplasts mimics the effects of light on At-RS31 alternative splicing (Fig. 1I) .
mRNA1 is the only isoform encoding a fulllength At-RS31 protein (9) . mRNA3 and mRNA2 are almost fully retained in the nucleus ( fig. S8 ). mRNA1 levels decrease considerably in dark without significant changes in the total amount of At-RS31 transcripts ( Fig. 2A and fig. S9 ), which suggests that alternative splicing is instrumental in the control of mRNA1 cellular levels and, consequently, At-RS31 protein abundance. To assess how interference with At-RS31 alternative splicing regulation could affect Arabidopsis phenotype, we obtained transgenic plants overexpressing either a cDNA (mRNA1ox) or a genomic version (31 genOX) of At-RS31 and a knock-out (31 mut) line ( fig. S10 ). At-RS31 total mRNA is more abundant in the mRNA1ox and 31 genOX lines compared with the WT (fig. S10 ). Whereas the mRNA1ox line expresses almost exclusively the mRNA1 isoform and at higher levels than the other lines, the 31 genOX line is mostly enriched in mRNA3 and mRNA2 isoforms, and mRNA1 levels are not much higher than those in WT seedlings (Fig. 2 , B and C, and fig. S10 ). Under photoperiodic conditions (16 and 8 hours of light and dark, respectively) no major phenotypes are observed for these lines (Fig. 2D , "L" in Fig. 2E, and fig.  S11 ). However, when plants are either exposed to long darkness (3 days) (Fig. 2E) , or grown under constant low light intensity (50 mmol m -2 s -1 ) (Fig. 2F ), the mRNA1ox line shows a dramatic phenotype, characterized by small and yellowish seedlings concomitantly with faster degradation of chlorophylls a and b ( fig. S12 ). This suggests that down-regulation of mRNA1 in the dark through alternative splicing is important for proper growth of the plant in response to changing environmental light conditions.
As sensory photoreceptors do not participate, we investigated whether retrograde signals from the chloroplast were involved (1) . Increasing concentrations of DCMU [3-(3,4-dichlophenyl)1,1-dimethylurea] (10), a drug that blocks the electron transfer from photosystem II (PSII) to the plastoquinone (PQ) pool, inhibited the effect of light on At-RS31 alternative splicing (Fig. 3A) , confirming chloroplast involvement. Roots have no chloroplasts, so the light effect should only be observed in the green tissue in dissected seedlings (Fig. 3B) . However, the effect was observed both in dissected leaves and roots, with roots showing a time delay in the response (Fig. 3, D  and F) . When shoots were separated from roots before the light/dark treatment (Fig. 3C) , dissected shoots retained the response (Fig. 3E ), but light had no effect on At-RS31 splicing in detached roots (Fig. 3G) . Similar results were obtained by covering the different parts of the seedlings ( fig.  S13) . No chlorophyll was detected in the roots of pre-or post-dissected plants ( fig. S14 ), strengthening the hypothesis that a mobile signal generated in the leaves triggers root alternative splicing responses to light.
About 39% of the 93 alternative splicing events (table S1) tested using a high-resolution reverse transcriptase polymerase chain reaction (RT-PCR) panel (11) S4 and fig. S15 ). The effects of light were not due to sugar starvation during darkness ( fig. S15) , indicating that the chloroplast role in this light signaling pathway is not primarily Experiments shown in figs. S20 and S21 revealed that plastid gene expression, the tetrapyrrole pathway, and reactive oxygen species (14) are not involved in At-RS31 alternative splicing regulation. Because methyl viologen takes electrons from PSI (15) with no effect on At-RS31 alternative splicing ( fig. S21a) , we inferred that the signal must be generated between PSII and PSI. To prove this, we used DBMIB (2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone). Both DCMU and DBMIB inhibit the overall electron transport chain, but whereas DCMU increases the oxidized PQ pool by blocking the electron transfer from the PSII to PQ (10), DBMIB keeps the PQ pool reduced by preventing the electron transfer to cytochrome b6/f (15) (Fig. 4A) . Addition of DBMIB potentiates the decrease in At-RS31 SI when seedlings are exposed to low light in comparison to the lack of effect under high light (Fig. 4B) . It was shown that when externally added in the dark, DBMIB can act as a reduced quinone analog (16, 17) . Consistently, DBMIB decreases At-RS31 SI in the dark, mimicking the effects of light (Fig. 4C) . Similar results were obtained for At-U2AF 65 and At-SR30 (Figs. 4, D and E). Our results reveal a retrograde pathway linking the photosynthetic redox state to the regulation of nuclear alternative splicing, mediated by the PQ pool, together with a signaling molecule, of yet unknown nature, that is able to travel through the plant to affect alternative splicing (Fig. 4F) . 
